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The absence of the single-photon nonlinearity has been a major roadblock in developing quantum
photonic circuits at optical frequencies. In this paper, we demonstrate a periodically-poled thin
film lithium niobate microring resonator (PPLNMR) that reaches 5,000,000%/W second harmonic
conversion efficiency—almost 20-fold enhancement over the state-of-the-art—by accessing its largest
χ(2) tensor component d33 via quasi-phase matching. The corresponding single photon coupling rate
g/2pi is estimated to be 1.2 MHz, which is an important milestone as it approaches the dissipation
rate κ/2pi of best available lithium niobate microresonators developed in the community. Using a
figure of merit defined as g/κ, our devices reach a single photon nonlinearity approaching 1%. We
show that, by further scaling of the device, it is possible to improve the single photon nonlinearity
to a regime where photon-blockade effect can be manifested.
INTRODUCTION
Quantum photonic integrated circuits have received
growing interests since such platforms offer the stabil-
ity and integrability towards solid state quantum appli-
cations [1–6]. By encoding quantum information into
the optical photons, the quantum information processing,
quantum communication and quantum metrology would
benefit from the merits of the bosonic carriers, includ-
ing the high propagation velocity, long propagation dis-
tance and infinite-dimensional Hilbert spaces. Microwave
photons could be processed by superconducting quan-
tum circuits, where high fidelity quantum operations ap-
proaching error-correction thresholds are achieved by the
lossless nonlinearity inherent to Josephson effect [7, 8].
However, at optical frequencies, the absence of the single-
photon nonlinearity hinders the quest for the determin-
istic single-photon sources and further high-fidelity pho-
tonic quantum gates, which are two main building blocks
for the scalable quantum circuits [9–13]. While the pho-
tonphoton interactions required to realize quantum gate
can be mediated through lightmatter interaction with
atomic or atom-like solid-state emitters, routes to scaling
such systems remain challenging [14–16].
Leveraging the small mode volume and enhanced
photon-photon interaction in high quality-factor (Q) op-
tical microcavities [17] as well as the inherent material
nonlinearity [18], several schemes based on the microcav-
ity made by the materials with second-order (χ(2)) non-
linearity have been theoretically proposed to allow the
indistinguishable single-photon state, as well as the de-
terministic photon-photon gates via photon blockade ef-
fect by harnessing the single-photon nonlinearity [19–22],
and thereby bring in-sight scalable quantum photonic
computing. Lithium niobate (LN) has recently risen to
the forefront of integrated quantum photonics circuits
due to its intrinsic strong optical nonlinearity, electro-
optic effect and experimentally demonstrated ultralow-
loss nanophotonics platform for scaling. In this letter, we
describe a 20-fold enhancement over state-of-the-art de-
vices in second harmonic generation (SHG) [23, 24] with
the thin film periodically poled lithium niobate micror-
ing resonators (PPLNMRs) by leveraging its largest χ(2)
tensor element d33 for quasi-phase matching. This excep-
tionally high nonlinearity translates to a vacuum photon-
photon coupling strength g/2pi of 1.2 MHz, which is an
important milestone as it approaches the dissipation rate
κ of best available LN microresonators [25]. Currently,
the trade-off between mode confinement and optical loss
limits our device to a figure of merit (FOM) single pho-
ton nonlinearity, defined as g/κ, at 10−2. Upon further
scaling of microresonators, it is possible to improve this
FOM by an order of magnitude, making it feasible to
realize the photon-blockade effect in certain specifically-
designed device configuration.
FIG. 1. Photon blockade effect due to χ(2) single photon non-
linearity. (a) A doubly-resonant cavity based on PPLNMR
with single photon nonlinearity and thereby showing photon
blockade effect. (b) The schematic energy level diagram of a
PPLNMR with single photon nonlinearity. The anharmonic-
ity of the nonlinear system is determined by the energy level
splitting relative to their widths.
Single photon nonlinearity is appealing for quantum
photonics applications. As an example, Fig. 1 illustrates
a conceptual photon-blockade device leveraging single-
photon-level χ(2) nonlinearity based on a PPLNMR,
which could generate single photons with sub-poissonian
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2quantum statistics from a classical laser input. Photons
with carrier frequency ωa (blue) travel in a waveguide
and couple to the cavity mode a with a dissipation rate
κa. With the fulfillment of certain phase-matching con-
dition for the degenerate three-wave mixing, a significant
nonlinear coupling strength g between mode a and mode
b (with a frequency of ωb = 2ωa) could be obtained and
thereby a frequency conversion from ωa to ωb is feasible.
For example, the highly efficient second-harmonic gener-
ation between mode a in the telecom band and mode b
in the near-visible band has been experimentally demon-
strated in a PPLNMR [23]. The system Hamiltonian of
such PPLNMR device reads
Hˆ/~ =ωaaˆ†aˆ+ ωbbˆ†bˆ+ g((aˆ†)2bˆ+ aˆ2bˆ†). (1)
Here, aˆ and bˆ represent the bosonic operators, g de-
notes the vacuum nonlinear photon-photon interaction
strength between mode a and b. Considering only a
few excitations, the system energy levels can be writ-
ten as |mn〉 = |m〉a ⊗ |n〉b in the Fock-state basis, with
m,n ∈ Z. When the single photon nonlinearity is real-
ized, i.e. the coupling strength exceeds the dissipation
rate, the state |20〉 strongly couples to |01〉, and new
eigenstates (|20〉± |01〉)/√2 with a frequency splitting of
2
√
2g is produced [Fig. 1(b)]. The induced anharmonic-
ity of energy levels gives rise to the photon blockade ef-
fect as illustrated in Fig. 1(a), where the pump mode
energy level with photon number N ≥ 2 are no longer
resonant with the cavity, and thereby the two-excitation
state would be inhibited if the detuning
√
2g is compara-
ble or larger than the energy linewidth κa, as indicated
by the blue dashed arrow in Fig. 1(b). Hence, we in-
troduce the dimensionless figure of merit quantifying the
cooperation of nonlinear optical processes at the single-
photon level: FOM = g/κa. The larger FOM, the better
performance in single photon generation. Alternatively,
the FOM also indicates the number of quantum gate op-
erations on single photons before significant fidelity loss
due to the photon dissipation to environment.
OPTIMIZATION OF COUPLING STRENGTH g
Based on the above discussion, a larger coupling
strength g is always demanding to realize single-photon
nonlinearity, since the mode dissipation rates are mostly
restricted by the material and fabrication technique in
practices. In a microring resonator, the photon-photon
coupling strength g is determined by the material χ(2)
coefficient, modal overlap factor γ, and the mode volume
V through the relation: g ∝ χ(2)γ/√V . According to
Ref. [23], the PPLNMR is employed for high χ(2) coef-
ficient and phase matching condition, and a SHG effi-
ciency of 250, 000% was achieved. Here, a significant im-
provement of g to its theoretical limit is demonstrated by
solving two practical challenges: the utilization of largest
nonlinear term d33 of the z-cut LN thin film and the high-
fidelity poling of the microring.
First, since the optic axis of z-cut LN lies vertically,
to employ its d33 term, we design for phase-matching be-
tween the fundamental quasi-transverse-magnetic (TM)
mode a at 1560 nm and second-harmonic (SH) mode b
at 780 nm, as shown in Fig. 2(a). The lower inset de-
picts the schematic cross-section of a partially etched
z-cut LN microring with a radius of 70 µm. The fab-
rication of the z-cut air-cladded LN microrings is de-
tailed in Ref. [26]. The lowest-order SH mode is favor-
able due to the lower scattering loss and larger modal
overlap factor. The simulated profiles (amplitude of
the vertical electric-field component) for the fundamen-
tal TM0 and SH TM0 modes are presented in the up-
per insets of Fig. 2. Due to their large refractive in-
dex difference, the momentum conservation could only
be satisfied via quasi-phase matching with a poling pe-
riod of Λ = λa/2(nb − na) = 2.95 µm as indicated by the
double-headed black arrow in Fig.2(a). Consequently, a
final optimized g/2pi is calculated to be 1.78 MHz accord-
ing to Eq. (2) in Ref. [23].
Second, for the implementation of quasi-phase match-
ing, the poling electrodes with a tooth width of 750 nm
are deposited on top of the etched LN microring, as
shown in Fig. 2(b). The tooth width is designed to be
smaller than Λ/2 to allow for the inevitable lateral do-
main broadening and ensure a duty cycle of ∼ 50%. The
periodic ferroelectric domain inversion is then enabled
by keeping the silicon substrate as the electrical ground
while applying several 600 V, 250 ms pulses at an elevated
temperature, as elaborated in Ref. [23]. After removing
the electrodes, piezoresponse force microscopy (PFM) is
utilized as a non-destructive way to visualize the alter-
nate domain inversion as presented in Fig. 2(c), where
the dark regions correspond to the inverted domains and
a duty cycle close to 50% is achieved. Moreover, the dif-
ference in etch rates between the poled and unpoled re-
gions of z-cut LN in hydrofluoric acid (HF) allowed us to
examine the poling quality along the whole microring un-
der a scanning electron microscope (SEM). Figures 2(d)
and 2(e) are the false-color SEM images of a PPLNMR
mock-up etched in HF, which imply a high-fidelity peri-
odic poling. A period of ∼2.95 µm and a duty cycle of
∼50% are confirmed.
CHARACTERIZATION OF g
The SHG measurement is implemented to verify the
nonlinear coupling strength g of the optimized PPLNMR
device. With a pump field near the fundamental fre-
quency, the system can be described by the Hamiltonian
Hˆ =ωaaˆ
†aˆ+ ωbbˆ†bˆ+ g((aˆ†)2bˆ+ aˆ2bˆ†)
+ip(−aˆeiωpt + aˆ†e−iωpt), (2)
3FIG. 2. (a) Effective refractive indices of the TM fundamental and SH modes, where the criterion for the type-0, first-order
QPM between mode a at 1560 nm and mode b at 780 nm with a poling period Λ = 2.95 µm is indicated by the vertical,
double-headed arrow. The upper insets show the simulated profiles (amplitude of the vertical electric-field component) of the
mode a and b while The lower inset depicts the schematic cross section of a z-cut PPLNMR with a radius of 70 µm. (b) Optical
image of the etched microring with radial poling electrodes and its zoomed view around the waveguide-microring coupling
region. (c) PFM phase scan over a small portion of a PPLNMR, revealing the alternate ferroelectric domain structures and a
duty cycle close to 50%. (d) False-color SEM image of a deplicate PPLNMR etched in HF and its zoomed view (e) reveal a
high-fidelity perodic poling along the whole microring. Dark purple, inverted domains; light purple, uninverted domains.
where p =
√
2κa,1Pa,in/~ωp is the input pump strength,
Pa,in is the on-chip pump power, and κa,1 denotes the
external dissipation rate of the mode a. At the steady
state, the on-chip transmission of the pump laser and the
output power of the SH signal are derived as
Pa,out =
δ2a + (κa,0 − κa,1)2
δ2a + κ
2
a
Pa,in, (3)
Pb,out =
g2P 2a,inωb
~ωp2
2κb,1
δ2b + κ
2
b
(
2κa,1
δ2a + κ
2
a
)2, (4)
where κ1, κ0 and κ are respectively the external, intrinsic
and total dissipation rates of the cavity mode with κ =
κ1 + κ0. δa = ωa − ωp (δb = ωb − 2ωp) is the detuning
for mode a(b). The normalized SHG efficiency is given
by ηnorm = Pb,out/P
2
a,in. Based on the measured κa(b)
and κa(b),1, the coupling rate g could be fitted from the
experimental SH response according to Eq. (4).
The experimental setup is illustrated in Fig. 3(a).
The telecom and near-visible light sources are selectively
turned on for the optical Q measurements, while only
the telecom laser is swept for the SHG measurement. As
shown in the upper panel of Fig. 3(b), the fundamental
mode around 199 THz exhibits an intrinsic and loaded
Q of 1.8× 106 and 5.4× 105, respectively. Likewise, the
intrinsic and loaded Q factors for the SH mode are mea-
sured to be 5.8 × 105 and 4.5 × 105. Hence, the intrin-
sic dissipation rates of the fundamental and SH modes
are respectively calculated to be κa,0/2pi = ωa/4piQa0 =
55.4 MHz and κb,0/2pi = 343.8 MHz. Based on the cal-
ibrated insertion loss of 8.5 and 10.0 dB/facet for the
respective fundamental and SH modes, Fig. 3(b) high-
lights the measured pump transmission and correspond-
ing SH response at an optimal temperature, showing that
a maximum on-chip SHG power of 55.6 nW is obtained
with an on-chip pump power of 1.05 µW. The shaded re-
gion corresponds to an on-chip power variation induced
by a coupling fluctuation of 5% and 15% for the respec-
tive fundamental and SH modes, and thereby an on-
chip normalized SHG efficiency ηnorm is estimated to be
5, 000, 000 %/W with an uncertainty of 1, 200, 000 %/W.
The theoretical pump transmission and SHG output
power based on Eqs. (3) and (4) are also plotted with
the solid black lines in Fig. 3(b), where a nonlinear cou-
pling strength g/2pi of 1.2 MHz is consequently fitted.
The slight discrepancy between the measured g/2pi and
the theoretically predicted value of 1.78 MHz is possi-
bly due to nonuniformity inherent to nanofabrication at
different azimuthal angle of the microring [27] as well as
random duty-cycle error, as implied in the SEM image of
4FIG. 3. (a) Illustration of the experimental setup with a false-color SEM image of the PPLNMR device. IR: infrared, Nvis:
near-visible, FPC: fiber polarization controller, WDM: Wavelength-division multiplexer, PD: photodetector. (b) Spectra of
the pump resonance and corresponding SH response measured at an optimized temperature. (c) Quadratic relation is fitted
at the low power regime while the deviation is observed as the pump power increases due to the intrinsic photorefractive
effect. (d) Normalized conversion efficiency ηnorm is plotted with the increasing pump power, indicating an optimized ηnorm of
5, 000, 000± 1, 200, 000 %/W at the low power regime whilst a decay in the high power regime.
the selectively etched PPLNMR mock-up with hydroflu-
oric acid [Fig. 2(d)]. Moreover, the power-dependence of
the SHG power as well as the on-chip efficiency are plot-
ted in Figs. 3(c) and 3(d) respectively, where a linear-
fitted slope of 1.92 justifies a quadratic dependence of
SHG power on the pump power as predicted by Eq. (4)
and an ηnorm of 5,000,000 %/W is confirmed in the low
power regime (Pa,in < 10 µW). The deviation of the
quadratic dependence and degradation of ηnorm with the
increasing pump power are probably attributed to the
increasing frequency mismatch between the mode a and
b induced by the accumulating photorefractive (PR) ef-
fect [28]. Such PR damage remains challenging for a
broad class of thin film LN devices, including frequency
converters and modulators [23, 29, 30], and will be in-
vestigated carefully in the future. As we are focusing on
the nonlinearity at the single-quanta limit, the degraded
device performance in the high power regime will not be
a limiting factor for our device. The above experimen-
tal demonstration justifies the simultaneously optimized
g of 1.2 MHz and κa/2pi of 184 MHz via the record-high
normalized SHG efficiency and highlights the potential of
PPLNMR to play a key role in future quantum photonics
applications.
DISCUSSION AND OUTLOOK
The present PPLNMR device exhibits a state-of-the-
art single photon nonlinearity FOM of 0.7×10−2 in com-
parison with that of the aluminum nitride (AlN) [31–
33], gallium arsenide (GaAs) [34], gallium nitride
(GaN) [35], gallium phosphide (GaP) [36], and silicon
carbon (SiC) [37] integrated χ(2) cavities, as indicated in
Fig. 4(a). By simply designing the external coupling to
the under-coupled condition, the internal FOM (g/κa,0)
of our device has already reached 0.02. The photonic
crystal (PhC) provides another choice for high FOM by
taking the advantage over the coupling rate g due to its
ultra-small mode volume (∼ (λ/n)3), which is around
three orders of magnitude smaller than that of the typical
microrings. However, there are trade-offs in its relatively
higher dissipation rate as the device is scaled down and
also the difficulty in designing the simultaneous bandgap
in fundamental and second-harmonic wavebands [38–41].
We note that although the strong coupling condition
for photon blockade is not met by current device, a FOM
smaller than unity still promises emitter-free quantum
effect in photonic integrated circuits by employing the
mechanism of unconventional photon blockade [42–44].
5FIG. 4. (a) The coupling rate g, dissipation rate κa as well
as the corresponding single-photon nonlinearity FOM demon-
strated in various integrated χ(2) photonics platforms, includ-
ing AlN [33], GaAsa [34], GaNa [35], poly-AlN [31], PPLN [23]
µrings, and GaPa [36], SiCa [37] PhCs. (b) Dependence of
photon antibunching on g/κa. The inset presents a photonic
molecule using two coupled PPLNMRs, allowing for a control-
lable linear coupling strength J between the two fundamental
modes in both PPLNMRs. For a J/κa of 15, unconventional
photon blockade occurs on condition that g/κa reaches 10
−1.
a Whose g values are estimated from the representative data
based on the assumptions that both fundamental and SH modes
are critical-coupled and κb = 2κa when the κb is not given.
By designing interferometer in the Fock state space with
an ancillary cavity mode, quantum states of deep sub-
Poisson statistics have been demonstrated in quantum
dot cavity QED [45] and superconducting resonator [46].
Likewise, as shown in Fig. 4(b), by introducing another
microring resonator and realizing a PPLNMR photonic
molecule [47], single photons could be generated from a
coherent laser input. Here, we set the linear coupling
strength J/κa = 15 between the two fundamental cav-
ity modes in both coupled PPLNMRs. By further in-
creasing coupling strength g with a reduced microring
radius of 40 µm while maintaining low dissipation rate κ
with a Q of 5 million through an optimized fabrication
flow [25, 48–50], g/2pi of 2.35 MHz and κ/2pi of 19.2 MHz
could be envisioned, which finally contributes to a FOM
of 0.12 and thereby enables the efficient single photon
anti-bunching, as indicated by the g(2)(0) dip approach-
ing zero in Fig. 4(b).
CONCLUSION
In conclusion, we have presented the optimization of
χ(2) photon-photon coupling strength towards single-
photon nonlinearity in a PPLNMR. Utilizing its largest
χ(2) tensor element d33, and implementing a high-fidelity
radial poling period of 2.95 µm in an etched z-cut
LN microring, a new-record normalized second-harmonic
conversion efficiency of 5,000,000%/W is demonstrated.
Meanwhile, the corresponding single photon coupling
rate g/2pi is estimated to be 1.2 MHz, which corre-
sponds to a state-of-the-art FOM of 0.7 × 10−2 for sin-
gle photon nonlinearity. With one order of magnitude
improvement, we theoretically propose a PPLNMR pho-
tonic molecule device configuration that allows for the
remarkable single-photon filtration via unconventional
photon-blockade effect and paves the way for emitter-
free, room-temperature quantum photonic applications,
such as quantum light sources, photon-photon quantum
gate, and quantum metrology.
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